The present study tested the hypothesis that a reduction in calcium flux across the sarcolemma or the sarcoplasmic reticulum at the onset of reperfusion could attenuate subsequent mechanical "stunning" (postischemic myocardial dysfunction). The isolated working rat heart was subjected to 20 minutes of total global ischemia, reperfused in the Langendorff mode for 5 minutes, and then made to work again for 10 minutes. During the early reperfusion period (first 2 minutes), the effects of agents thought to increase cytosolic calcium (high external calcium [modified Tyrode's solution replaced Krebs-Henseleit buffer as the perfusatel, isoproterenol, forskolin, and Bay K 8644) were tested. All these interventions worsened stunning. The cardiac output (CO) of control hearts recovered to 74.7±3.4%, whereas recovery was 56.3+3.7% (p<0.05) for high calcium (10 mM), 53.4+3.6% (p<0.05) for isoproterenol, 43.4+4.1% (p<O.05) for Bay K 8644, and 62.7±2.4%o (p<0.002) for forskolin. Interventions aimed at limiting calcium flux during early reperfusion, such as reperfusion with a low extracellular calcium or the addition of ryanodine (3 x 10`M), nisoldipine (10-M), or the inorganic blockers Mn2' (2 mM) or Mg2+ (16 mM), were also tested. Low extracellular calcium (0.75 mM) improved CO to 91.8+0.8% (p<0.05). Reperfusion with ryanodine and nisoldipine gave CO recoveries of 103.6±1.8% (p<0.002) and 99.0+2.8% (p<0.002), respectively. The addition of Mn2' and Mg2`resulted in CO recoveries of 88.9±2.4% (p<0.05) and 91.9±1.4% (p<0.002), respectively. Ryanodine and nisoldipine pretreatment changed CO recoveries to 97.5±1.8% (p<0.002) and 84.8±5.2% (p=NS), respectively. In conclusion, the use of organic or inorganic calcium antagonists or ryanodine at the onset of reperfusion attenuated reperfusion stunning in the isolated rat heart. Agents thought to promote calcium influx and/or to increase cytosolic calcium levels exaggerated the severity of stunning. These data support the hypothesis that the development of myocardial mechanical stunning can be related to cytosolic calcium overload at the onset of reperfusion. (Circulation Research 1992;70:960-967) 
D epressed myocardial mechanical function occurring after brief ischemia is termed "stunning."' Essential to the definition of stunning is the stipulation that mechanical function should completely revert to expected levels with continued reperfusion.2 The pathogenesis of stunning is still poorly understood, but the two major hypotheses for stunning are 1) cytosolic Ca2`overload and 2) formation of oxygen-derived free radicals. 2, 3 Stunning is one component of a spectrum of events characterizing reperfusion injury including reperfusion arrhythmias, microvascular injury, and accelerated or reperfusion-induced cell necrosis.4,5 Although stunning may be lessened by pretreatment with calcium antagonists,6 these results may reflect amelioration of the severity of ischemic injury and, hence, less reperfusion injury.47 A specific role for calcium overload is sug-gested by three observations. First, transient calcium overload induced by perfusing the isolated heart with a high calcium perfusate results in contractile dysfunction and ATP depletion.8 Second, during ventricular fibrillation there is an increase in intracellular calcium concentration, with subsequent contractile dysfunction in the postfibrillating period.9 Third, measurement of cytosolic calcium in the stunned rat heart shows high calcium transients. 10 Nonetheless, data are conflicting in that Ito et all' found that an increased external calcium improved the mechanical function of the stunned canine myocardium. Catecholamine stimulation, a procedure that should increase cytosolic calcium levels, is also able to overcome the mechanical impairment in the canine heart. '2'13 The major hypothesis tested in the present study was that calcium overload at the onset of reperfusion could give rise to stunning. An additional hypothesis was that, once stunned, the myocardium behaved as if there were a deficiency of calcium available to the contractile apparatus, so that at this stage the mechanical function could be improved by agents thought to enhance cytosolic calcium. We used the isolated rat heart model, which was crystalloid-perfused to avoid any confound- ing influence of neutrophils or platelets. To determine whether calcium fluxes at the onset of reperfusion could be modulated to exaggerate or attenuate stunning, we subjected isolated hearts in the first 2 minutes of reperfusion to agents thought to increase Ca2' influx (high extracellular calcium, isoproterenol, forskolin, or the Ca2' agonist Bay K 8644) or to inhibit Ca21 flux (low external Ca2+, nisoldipine or ryanodine, or inorganic blockers Mn2' or Mg2`). We also subjected hearts already stunned to some of these agents 15 minutes after reperfusion.
Materials and Methods The model used was the isolated perfused working rat heart subjected to global ischemia and reperfusion.14 All animals received care in compliance with the principles of laboratory animal care formulated by the National Society for Medical Research and the guide for the care and use of laboratory animals prepared by the National Academy of Sciences and published by the National Institutes of Health (publication No.
[NIH] 80-23, revised 1978). Male Long-Evans rats (250-350 g) were anesthetized with ether and heparinized (200 units heparin injected into the femoral vein). The hearts were rapidly excised and arrested in Krebs-Henseleit (KH) buffer at a temperature of 4°C. The aorta and left atrium were cannulated, and hearts were perfused retrogradely in the Langendorff (aortic-perfused, nonworking) mode for 10 minutes. The aortic perfusion pressure was 100 cm H20 during the Langendorff mode. During left atrial perfusion, the preload was 20 cm H20, and the height of the column against which the heart worked was 100 cm H20.
Experimental Protocol
The experimental protocol used in the study is shown in Figure 1 . After 10 minutes of aortic perfusion, the left atrial cannula was opened, and external heart work was maintained for 15 minutes. Aortic output, coronary flow, and left ventricular pressures (Lectromed multitrace 2 recorder and Gould P231D pressure transducer) were measured. The cardiac output (CO) was the sum of aortic output and coronary flow in milliliters per minute. The hearts were then subjected to 20 minutes of total global ischemia at 35°C before being reperfused at 37°C for 5 minutes in the Langendorff mode. During total global ischemia, the myocardial temperature decreased to 30°C unless the temperature of the water jacket surrounding the heart was increased to 40-42°C (depending on the ambient temperature). Hence, heart surface temperature was maintained at 35°C (monitored with an electronic temperature probe) during the ischemic period to obtain reperfusion COs of approximately 75% of the preischemic value under control conditions. During the first 2 minutes of reperfusion, the different pharmacological agents were infused (again at 37°C), or the ionic composition of the reperfusion solution was altered with the aim of modulation of calcium flux across the sarcolemma or sarcoplasmic reticulum (SR). Thereafter, the standard perfusion medium was used again, free of any such changes.
The exclusion criteria for these studies were as follows: Aortic outputs of paced hearts had to exceed 40 ml/min, coronary flows had to be below 20 ml/min, and hearts that developed ventricular fibrillation on reperfusion were excluded.
Hearts were paced at 5 Hz (300 beats per minute) for the entire experiment except during ischemia and the first 2 minutes of reperfusion (while the modified reperfusion solution was used). Pacing from the onset of reperfusion invariably induced ventricular tachycardia and/or fibrillation and was therefore avoided. To assess reperfusion stunning, the recovery of CO was measured: CO recovery=CO (15 minutes after reperfusion)/CO (20 minutes after initiation of perfusion) x 100.
Perfusion Fluid
The standard perfusion solution was a modified KH buffer containing (mM) NaHCO3 25, NaCl 118, KH2PO4 1.2, KCl 4.8, MgSO4 1.2, CaCI2 1.25, and glucose 11. The solution was gassed with 95% 02-5% CO2 and maintained at 37°C. In experiments with high cation concentrations (which tended to precipitate with bicarbonate), a modified Tyrode's solution ([mM] NaCI 137, KCI 5.4, HEPES 10, MgCl2 0.5, CaCI2 1.25, and glucose 10) gassed with 100% 02 was used during the first 2 minutes of reperfusion. This reperfusion solution gave postischemic functional recoveries in the working heart period similar to those with the KH buffer.
Methods for Morphological Studies
A single series of hearts was examined for evaluation of effects of ischemia and reperfusion on the ultrastructure in this model. At predetermined stages of the experimental protocol, hearts were fixed for transmission electron microscopy by perfusion with 1% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.4) for 5 minutes. After removal from the cannula, the heart was sectioned transmurally, and 1-mm3 samples were then fixed in osmium tetroxide, dehydrated, and embedded in ERL resin.15
Interventions in the Initial 2 Minutes of Reperfusion
Each of the following series of experiments had its own group of concurrent controls: 1) Calcium concentrations were varied (from 1.25 to 10.0 mM) in a Tyrode's reperfusion solution. 2) Reperfusion with isoproterenol (10`M), forskolin (10 8 M), or Bay K 8644 (10`8 M) was investigated. 3) Hearts were reperfused with low calcium (0.75 mM), nisoldipine (lx 108 M, Bayer, FRG) or calcium channel-blocking cations (16 mM magnesium or 2 mM manganese), or ryanodine (3xl10`M, Calbiochem Corp., La Jolla, Calif.). 4) A solution with high (21 mM) K' concentration was used to maintain arrest because asystole itself (as seen with 
Diagrammatic representation of a typical left ventricular pressure tracing recorded during an experiment. On the left is the preischemic systolic and diastolic left ventricular pressure tracing (measured in millimeters of mercury), followed by ischemia and reperfusion (in the Langendorif [Lang] mode) and then postischemic work.
Mn2' and Mg2`) might be protective. The effect of each of the two calcium-blocking cations added to this high K' solution was also investigated.
Additional Interventions
Additional interventions were as follows: 1) Hearts were pretreated with nisoldipine or with ryanodine given over 2 minutes before the onset of ischemia. 2) Hearts already stunned were perfused with a KH buffer containing calcium influx-enhancing agents Bay K 8644 (a Ca2' agonist, Bayer), isoproterenol (a (3-receptor stimulant, Winthrop), or a high calcium concentration (2.25 mM). These interventions were made for 2 minutes starting 15 minutes after the onset of reperfusion, and CO was recorded at the end of the infusion. 3) Postischemic stunned hearts were treated with nisoldipine (10 8 M) 15 minutes after reperfusion for 2 minutes, and CO was measured at the end of the 2 minutes and then again after 8 minutes.
Statistical Analysis
The results are presented as mean+SEM. Significance between groups was determined using Student's t test. The Bonferroni correction was applied when multiple comparisons were made.
Percentage recovery of postischemic CO was expressed as the percentage change compared with preischemic values taken after 10 minutes of left atrial perfusion.
Results

Evidence for Stunning
Rat hearts exposed to 20 minutes of ischemia were perfused for 2 hours after reperfusion to determine whether the function would return to normal. There was a gradual increase in the CO of the reperfused heart; a maximal value (±85% of the preischemic value) was reached after about an hour of reperfusion ( Figure 2 ), after which the function again started to deteriorate. Perfusion of nonischemic working hearts also resulted in a gradual decline in CO. When the hearts were perfused for up to 2 hours, the function of the stunned and the control hearts appeared to decline at approximately the same rate, in a parallel fashion (Table 1) .
Morphological Studies
Morphological studies were performed with the assistance of Dr. I. Harper. After perfusion fixation, electron microscopy showed that the myocardium had developed intracellular edema, swollen mitochondria, and loss of mitochondrial granules during ischemia. There was no obvious myofibrillar damage. After 20 minutes of reperfusion, edema was absent, and the myofibrils were relaxed with no signs of mitochondrial abnormalities. There were extremely few necrotic myocytes, not more than 1% of the total (results of the electron microscopy will be presented elsewhere).
Hemodynamic Data
There was a linear relation between CO and developed pressure. There were no significant changes in coronary flow between the various groups of hearts. Changes in heart rate during mechanical function measurements were avoided by electrical pacing.
Changes in early reperfusion calcium concentration. With increases (above 1.25 mM) in the extracellular calcium concentrations of the early reperfusion solution, there was a dose-dependent decrease in postischemic functional recovery ( Figure 3 ). CO recovery was 82.3-+±1.8% (n=8) with a calcium concentration of 1.25 mM and 76.1+2.8% (n=9) with a calcium concentration of 3.75 mM; there was a further decrease to 56.3 +3.7% (p<0.05) (n=7) with a calcium concentration of 10.0 mM.
Hemodynamic parameters (aortic output, coronary flow, and developed pressure) are presented in Table 2 .
Inotropic intervention in early reperfusion. Figure 3 also shows that isoproterenol in the reperfusion solution gave functional recoveries of 53.4+3.6% (p<0.05) (n=8), which were similar to those values after reperfusion with 10.0 mM calcium. Forskolin decreased CO recoveries from 80.9+0.9% (n=7) to 62.7+2.4% (p<O0.002) (n=8). Bay K 8644 added in the reperfusion period decreased CO recovery from 66.7+±2.4% (n=4, control) to 43.4±+-4.1% (p<0.05) (n=6).
Calcium antagonists in early reperfusion. Figure 4 shows that the use of a lower (0.75 mM) extracellular calcium concentration in the reperfusion solution resulted in improved CO recoveries of 91.8±0.8% (p<0.05) (n=6); control recovery was 79.2+2.6%. Reperfusion with nisoldipine gave a CO recovery of 99.0+2.8% (p<0.002) (n=8); control recovery was 82.1±2.0%. Manganese or magnesium added to the reperfusion solution improved CO to 88.9±2.4% (p<0.05) (n=8) or 91.9±1.4% (p<0.002) (n=6), respectively, in comparison with the control value of 75.4+±2.6% (n=10). Ryanodine in the reperfusion solution resulted in CO recoveries of 103.6±1.8% (p<0.002) (n= 15). Hemodynamic parameters for hearts reperfused with these calcium flux modulators are presented in Table 2 .
Effect of a high potassium concentration in the reperfusion solution together with calcium channel-blocking cations. Figure 5 shows that a high (21 mM) potassium concentration in the reperfusion solution gave CO recoveries of 62.6-+6.9% (n=7) compared with the control value of 74.7+3.4% (n=6). Addition of Mg2+ or Mn21 to high potassium improved postischemic CO recoveries from a control value of 75.8±+-2.8% to 91.0±2.0% (p<0.002) (n=6, Mg2+ plus K' group) and 92.3+1.3% (p<0.002) (n=11, Mn2' plus K+ group). Calcium antagonist added to the already stunned heart. Figure 6 shows that nisoldipine in late reperfusion (after 15 minutes) decreased CO from 47.7±1.8 to 39.3±2.4 ml/min (n=6). This decrease in cardiac output was reversed on removal of nisoldipine from the perfusate.
Discussion
Enhanced Calcium Influx at Reperfusion
Although cytosolic calcium overload is proposed as one major cause of mechanical stunning,2 thus far the evidence has been indirect. Marban et al16 measured intracellular calcium during ischemia and 2.5 minutes after reperfusion using nuclear magnetic resonance spectrometry. During ischemia, they observed an increase in time-averaged intracellular free calcium, which had decreased to normal (or below normal) within 2.5 minutes of reperfusion. They did not measure intracellular free calcium levels at the onset of reperfusion. In a recent study, Kusuoka et al10 found substantially increased systolic calcium transients in reperfused stunned hearts but did not report on findings at the onset of reperfusion. Therefore, it remains uncertain whether there is an increase in free cytosolic calcium during early reperfusion. In the present study, we tested the hypothesis that calcium influx (and possible cytosolic calcium "overload") is responsible for postischemic stunning; certain interventions at the time of reperfusion or before ischemia may be expected to reduce or exacerbate reperfusion injury and stunning. In our study the use of calcium influx-enhancing agents (or procedures) at the time of reperfusion exacerbated stunning. This finding supports Kusuoka et al,'7 who, by using low extracellular calcium concentrations in the reperfusion solution, improved postischemic mechanical function. Low (0.5 mM) calcium reperfusion solutions were also used by Kuroda et al'8 with improved reperfusion recoveries, but these experiments were performed with calcium concentrations of 2.5 mM in the working phase when mechanical function measurements were made. This makes direct comparisons between the two sets of data difficult. The data obtained during the present study indicate that there is a dosedependent decrease in recovery of function with an increase in calcium concentration of the early reperfusion solution.
Similar trends were obtained using the positive inotropic agents Bay K 8644, isoproterenol, or forskolin during early reperfusion. They all had a detrimental effect on the postischemic mechanical function when given at the time of reperfusion. Although the effect of a low calcium concentration in the reperfusion solution has been investigated before, the use of inotropes at the onset of reperfusion and their effects on function have apparently not been studied. Inotropes given later in reperfusion to already stunned hearts do improve contractile function.12"19 20 There appears to be a short period during early reperfusion when the heart is more susceptible to reperfusion damage caused by calcium influx and overload. The use of agents enhancing calcium influx should therefore be restricted to "late" reperfusion, when the heart is less prone to calciuminduced damage.
Inhibition of Calcium Influx
In contrast, agents thought to inhibit calcium flux improved postischemic mechanical recovery when given at the time of reperfusion. These agents included nisoldipine, one of the more specific organic calcium antagonists,21 and the inorganic calcium channel blockers Mn21 or Mg2+. Although magnesium is a normal constituent of the extracellular fluid, it has calcium channel-blocking properties when used in high concentrations. 22 Manganese is also a strong calcium channelblocking agent but at much lower concentrations.23 Both Mn2' and Mg2+ maintained mechanical arrest during their infusion in the early reperfusion period. It was not clear whether the protective effect lay in their ability to maintain arrest during early reperfusion or their calcium-blocking action. In the present study a high (21 mM) K' solution at the time of reperfusion maintained arrest but did not improve functional recovery of the heart. When a high K' solution was used in conjunction with Mn21 or the high Mg24 solution, the functional recoveries were significantly improved and were comparable with those of the groups of hearts reperfused with a normal K' concentration and one of the cations added.
Therefore, the protection with high Mg2+ or Mn24 was not a result of their ability to induce mechanical arrest during the early reperfusion period. Data obtained using these inorganic calcium channel blockers lends further support to the hypothesis that the prevention of calcium influx at the time of reperfusion has a protective effect on the postischemic heart.
In the study of Nayler et al,24 calcium antagonists were used during reperfusion in an attempt to reduce calcium influx, but calcium influx was merely delayed (rather than prevented) after 30 or 60 minutes of ischemia. This delayed influx may have occurred because the fairly long ischemic episode used in that study caused more severe ischemic and subsequent reperfusion damage. These authors found that no long-term protection was achieved when nifedipine was used in the reperfusion solution after these extended periods of ischemia. Calcium antagonists have previously been used to attenuate stunning.62526 The treatment was begun before ischemia and maintained throughout ischemia and reperfusion6 or given only during reperfusion or 30 minutes after reperfusion. 25 The fact that calcium antagonists have marked hemodynamic and vasodilator effects makes the interpretation of such results difficult. It is possible that the beneficial effects seen may be due to increased coronary flows and/or a reduction in afterload (systemic blood pressure). However, in one specific study, low doses of intracoronary nifedipine were used late in reperfusion to attenuate stunning in the absence of any systemic hemodynamic changes. 26 The mode of action of the late administration of this drug is unknown but may relate to the presence of formed blood cells in the canine model and their absence from our isolated crystalloid-perfused rat heart model.
Role of the Sarcoplasmic Reticulum
Besides the entry of calcium by the voltage-dependent calcium channels, another possible source of cytosolic calcium overload is the SR. Reperfusion with sudden generation of free radicals27 may also be associated with release of calcium from the SR,28 so that interventions that reduce such calcium release and recycling may attenuate stunning. Ryanodine is thought to be an agent that in low concentrations acts to open the calcium channel of the SR,29 whereas higher concentrations close the channel,30,31 thus effectively acting as an internal calcium blocker to inhibit calcium oscillations. 32 The concentration we used was low (3 x 10-9 M) but was similar to that having a negative inotropic effect in the perfused rat heart33 and close to the concentration (10`8 M) that decreased the calcium signal and peak systolic pressure in isolated rat atria. 34 We found that an infusion of ryanodine at the time of reperfusion attenuated stunning, as shown by a better postischemic mechanical function. These data support a role for abnormalities of calcium handling by the SR in the genesis of stunning.
Possible Mechanism of Protective Effect of Ryanodine
Kusuoka et al10 have reported that the stunned heart exhibits an increase in amplitude of calcium transients. They suggest that increased calcium transients require that more ATP be spent in Ca2' sequestration, which may in turn explain the decreased efficiency of energy utilization of the stunned myocardium. 35 This proposal may also explain why some research groups have found decreased function of the SR calcium ATPase pump in the stunned heart.36'37 Inadequate tissue ATP in direct proximity to the SR may cause decreased pump function if ATP were compartmentalized in the myocyte.38 
Mechanism of Calcium-Induced Stunning
Early cytosolic calcium overload has been proposed as a mechanism for reperfusion arrhythmias, acting by induction of the new current, the transient inward current. 39 Furthermore, net calcium overload is thought 100. . Bar graph showing cardiac output recoveries expressed as percentage of the preischemic values for hearts reperfused using a high potassium concentration or high potassium in conjunction with one of the calcium channelblocking cations (Mn2' or Mg2`). Function was measured 10 minutes into the work period before and after ischemia. *p <0. 002 for treated vs. control hearts. 15 20 25 30
80-
REPERFUSION TIME (mins) FIGURE 6. Graph showing that cardiac output decreased with calcium antagonist treatment 15 minutes after reperfusion of the isolated rat heart. These calcium antagonistinduced decreases in cardiac output were reversed on washout (removal from perfusate) of the nisoldipine from the stunned hearts.
to be instrumental in the genesis of other aspects of reperfusion injury, such as accelerated cell necrosis. 23 The actual mechanism of the calcium-induced damage to the contractile mechanisms is still obscure. The data obtained with Mn2' and Mg2' added to the K'-arrested hearts show that inhibition of contractile activity of the heart during early reperfusion cannot be the mechanism. Rather, excess calcium entry by the voltagedependent calcium channel appeared to play a role. Speculatively, excess cytosolic calcium could have activated the calcium-dependent enzymes protease and phospholipase, with consequent damage to contractile organelles,23 which could in turn account for the proposed decrease in the responsiveness of the myofilaments to Ca2±. 40 Another possibility is that the calcium antagonist could directly interact with the cell membrane to prevent the formation of free radicals,41 although this proposal would appear to be excluded when considering the effects of Mn2' and Mg2+. A remaining possibility is that excess cytosolic calcium is able to enhance formation of free radicals (e.g., by causing mitochondrial damage) and that the free radicals in turn were able to inhibit the contractile mechanisms.
Response to Inotropes in Established Stunning When isoproterenol, Bay K 8644, or forskolin were used in the late reperfusion of the already stunned heart, the expected positive inotropic response was obtained without significant negative effects on the posttreatment mechanical function. Cardiac outputs equivalent to or higher than the values obtained in the preischemic (untreated) hearts were achieved during inotropic treatment of these hearts. These data are supported by the work done by Mercier et al,12 Taegtmeyer et al, 19 and Becker et al,20 who showed that the already stunned heart still had the ability to respond to inotropic interventions.
The use of calcium antagonists late in reperfusion in our isolated non-blood-perfused heart did not improve mechanical function. The phenomenon of improved function after calcium antagonist treatment late in reperfusion26 may be specific to the blood-perfused heart and may thus not be relevant to this model.
Reservations and Benefits of the Model Used
The failure of the working heart to maintain normal mechanical function after some hours may be due to the composition of the perfusion solution, which differs in many ways from blood, e.g., by not containing amino acids. Furthermore, the abnormally high coronary flow of the crystalloid-perfused heart may, by the hydraulic or erectile effect,42 place an excess work load on the myocardium. However, an advantage of the crystalloidperfusion preparation is the absence of neutrophils, which may play a role in certain models of reperfusion injury. In addition, the isolated heart model eliminates the possibility that peripheral effects of certain drugs may complicate the interpretation of the results.
The reperfusion time used and the time at which mechanical function was evaluated in this study were relatively short and may not be relevant to longer term stunning.
Conclusion
The data here presented suggest that increased rates of calcium flux at the start of reperfusion may be related to stunning and favor the hypothesis that early intracellular calcium overload may cause subsequent contractile dysfunction. The use of calcium channel blockers or modulation of flux through the SR during early reperfusion has a protective effect and attenuates stunning.
